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crystalline approximant (CA) Ca13Au56.31(3)Al21.69 (CaAu4.33(1)Al1.67, Pa3 ̅ (No. 205); Pearson 
symbol: cP728; a = 23.8934(4)), starting at ∼570 °C and complete by ∼650 °C, is discovered from in situ, 
high-energy, variable-temperature powder X-ray diffraction (PXRD), thereby providing direct experimental 
evidence for the relationship between QCs and their associated CAs. The new cubic phase crystallizes in 
a Tsai-type approximant structure under the broader classification of polar intermetallic compounds, in 
which atoms of different electronegativities, viz., electronegative Au + Al vs electropositive Ca, are 
arranged in concentric shells. From a structural chemical perspective, the outermost shell of this cubic 
approximant may be described as interpenetrating and edge-sharing icosahedra, a perspective that is 
obtained by splitting the traditional structural description of this shell as a 92-atom rhombic 
triacontahedron into an 80-vertex cage of primarily Au [Au59.86(2)Al17.14□3.00] and an icosahedral 
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shows a preference to maximize the number of heteroatomic Au–Al nearest neighbor contacts over 
homoatomic Al–Al contacts, implies a similar outcome for the i-QC structure. Analysis of the most 
intense reflections in the diffraction pattern of the cubic 2/1 CA that changed during the phase 
transformation shows correlations with icosahedral symmetry, and the stability of this cubic phase is 
assessed using valence electron counts. According to electronic structure calculations, a cubic 1/1 CA, 
“Ca24Au88Al64” (CaAu3.67Al2.67) is proposed. 
Disciplines 
Condensed Matter Physics 
Authors 
Joyce Pham, Fanqiang Meng, Matthew J. Lynn, Tao Ma, Andreas Kreyssig, Matthew J. Kramer, Alan I. 
Goldman, and Gordon J. Miller 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/ameslab_manuscripts/
508 
From quasicrystals to crystals with interpenetrating icosahedra in 
Ca–Au–Al: in-situ variable-temperature transformation 
Joyce Pham,† Fanqiang Meng,§ Matthew J. Lynn,§ Tao Ma, § Andreas Kreyssig,‡, § Matthew J. Kra-
mer,§ Alan I. Goldman,‡, § and Gordon J. Miller*,†,§ 
†Department of Chemistry and ‡Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011–3111, 
United States §U.S. Department of Energy, Ames Laboratory, Ames, Iowa 50011–3111, United States 
Supporting Information Placeholder 
ABSTRACT: The irreversible transformation from an icosahedral quasicrystal (i-QC) CaAu4.39Al1.61 to its cubic 2/1 crystalline 
approximant (CA) Ca13Au56.31(3)Al21.69 (CaAu4.33(1)Al1.67, Pa3� (No. 205); Pearson symbol: cP728; a = 23.8934(4) Å), starting at 
~570 °C and complete by ~650 °C, is discovered from in-situ, high-energy, variable-temperature powder X-ray diffraction 
(PXRD), thereby providing direct experimental evidence for the relationship between QCs and their associated CAs. The new 
cubic phase crystallizes in a Tsai-type approximant structure under the broader classification of polar intermetallic com-
pounds, in which atoms of different electronegativities, viz., electronegative Au + Al vs. electropositive Ca, are arranged in 
concentric shells.  From a structural chemical perspective, the outermost shell of this cubic approximant may be described as 
interpenetrating and edge-sharing icosahedra, a perspective that is obtained by splitting the traditional structural description 
of this shell as a 92-atom rhombic triacontahedron into an 80-vertex cage of primarily Au [Au59.86(2)Al17.143.00] and an icosa-
hedral shell of only Al [Al10.51.5]. Following the proposal that the cubic 2/1 CA approximates the structure of the i-QC and 
based on the observed transformation, an atomic site analysis of the 2/1 CA, which shows a preference to maximize the num-
ber of heteroatomic Au–Al nearest neighbor contacts over homoatomic Al–Al contacts, implies a similar outcome for the i-QC 
structure. Analysis of the most intense reflections in the diffraction pattern of the cubic 2/1 CA that changed during the phase 
transformation shows correlations with icosahedral symmetry and the stability of this cubic phase is assessed using valence 
electron counts. According to electronic structure calculations, a cubic 1/1 CA, “Ca24Au88Al64” (CaAu3.67Al2.67) is proposed. 
INTRODUCTION 
 
From the conventional classification of solids using sym-
metry and atomic arrangements in real space, quasicrystals 
(QCs) occur between disordered amorphous materials and or-
dered, periodic crystalline solids because they are well-or-
dered but aperiodic, arising from their short-range, “crystallo-
graphically incompatible” five-, seven-, eight-, or higher-order 
rotational symmetry.1 The periodicity of crystalline solids is ex-
ploited for diffraction analyses and structural determinations, 
whereas analogous 3-dimensional (3D) crystallographic analy-
sis is unable to achieve a similar level of characterization for 
most QCs. Of the known QC classes, icosahedral QCs (i-QCs) 
form one of the most complex ones because icosahedral sym-
metry results in quasiperiodicity in 3D space unlike, for in-
stance, decagonal QCs, which are quasiperiodic only in 2D and 
have been structurally described as stackings of quasiperiodic 
layers or quasiperiodic packings of overlapping columnar clus-
ters.2 The predominance of i-QCs over the other QC classes 
seemingly correlates with the predominance of the 12-atom 
pseudo-icosahedral local environments within many complex 
intermetallic compounds, and the complexity of i-QCs, espe-
cially among multinary systems, suggests the need for more 
structural research.3  Crystalline phases that are nearby in com-
position to corresponding QCs are coined “crystalline approxi-
mants” (CAs) because they are proposed to approximate the 
structures of related i-QCs, and are good starting points for 
study.4 
There are three primary cubic CA classifications that are typ-
ically represented as clusters of concentric shells5: Mackay-,6 
Bergman-,7 and Tsai-types,8 with the two latter types more 
commonly observed. The Mackay-type features three shells 
with icosahedra as the inner and outermost shells and a 30-
atom icosidodecahedron as the second, middle shell. The Berg-
man-type is similar to the Mackay-type but has a dodecahedron 
as the second shell and a 60-atom Buckminsterfullerene-type 
truncated icosahedron as an additional fourth shell. The Tsai-
type mostly resembles the Bergman-type, but contains disor-
dered tetrahedral clusters as the innermost shell and an ico-
sidodecahedral fourth shell of atoms. Recent literature repre-
sents the fifth outermost shell of Tsai-type CAs as a 92-atom 
rhombic triacontahedron with rhombohedra between these 
triacontahedral clusters.2b, 4b, 9 
A given CA is close in chemical composition to a related QC 
and is proposed to approximate the local atomic structure of 
the QC, a conjecture that has become universally accepted since 
the discovery of the first Mn–Al i-QC and its associated CAs.4a 
Even results from electronic structure calculations, valence 
electron concentrations (VECs), and metallic radius ratios are 
used to establish relationships among various CAs and identify 
some features important for bonding and stability of related 
QCs.10 As part of the conjecture that CA phases are “approxi-
mate phases” of QCs, CAs are classified by a rational order 
“L/S,” which is a ratio of two consecutive numbers in the Fibo-
nacci sequence. The L/S CA lattice constant (aL/S) relates to the 
quasilattice constant (aQC) of the QC and the golden mean (τ = 
 
�1+√5
2
�= 1.618…) following Equation (1),4a so that the higher 
the CA L/S order, the closer is its relationship to the QC. 
𝑎𝑎𝑄𝑄𝑄𝑄 =
𝑎𝑎𝐿𝐿
𝑆𝑆�
(2 + 𝜏𝜏)1 2�
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In general, Bergman- and Tsai-type approximants are more 
commonly observed and their cubic 2/1 CAs are the highest or-
der cases thus far reported with structural details. The majority 
of cubic CA structural reports are for the order 1/1. Addition-
ally, Tsai-type CAs usually occur for i-QCs with primitive quasi-
lattices, instead of body (I)-/face(F)-centered quasilattices, as 
in the Yb–Au–Al,9b (Yb/Ca)–Cd,8, 11 and Yb–Ag–In12 systems. 
One means of classifying QCs and CAs from a chemical per-
spective utilizes VEC, which is also expressed as an e/a ratio 
and counts only the total number of valence s and p electrons 
in a chemical formula divided by the number of atoms. In this 
prescription, valence d and f electrons are ignored because ei-
ther they contribute very little toward chemical bonding and 
cohesion, or their respective bands are filled.  Many QCs are 
found with e/a values ranging from ~1.75 to ~2.00 elec-
trons/atom. Among crystalline intermetallic compounds, these 
e/a values fall near the upper end of Hume-Rothery phases, 
which occur for 1.00 ≤ e/a ≤ 2.00, and just below polar inter-
metallic compounds, which occur for 2.00 < e/a < 4.00.13 Hume-
Rothery phases are densely packed structures with atoms of 
similar sizes and electronegativities from among the late- and 
post-transition metals. One example is the class of γ-brasses 
(e/a = ~1.60–~1.75), which are body-centered cubic packings 
of 26-atom clusters involving four fused icosahedra.14 Polar in-
termetallics, on the other hand, involve combinations of elec-
tropositive alkali, alkaline earth, or rare earth metals with the 
more electronegative late and/or post-transition metals.13 The 
polar-covalent interactions between these different elements 
lead to complex networks of electronegative metals encapsu-
lating electropositive metals with high coordination numbers, 
both of which are features of many i-QCs and their CAs. 
The proposed relationships between QCs and CAs are widely 
accepted, given the structural and electron counting schemes 
mentioned above.  Studies using variable temperature and/or 
pressure to induce transformations between QCs and their CAs 
can further corroborate their relationships, although not all 
transformations have occurred between a QC and its expected 
CA. For example, the i-QC Mg3YZn6 (e/a = 2.10) arises via a tem-
perature-induced in-situ transformation of hexagonal MgYZn3 
although the starting MgYZn3 crystal was not strictly a CA of the 
i-QC.15 Nevertheless, electron microscopy provided insights 
about atomic clustering in the i-QC during nucleation of the 
hexagonal crystal in a Mg matrix that led to i-QCs at 
Mg3YZn6/Mg interfaces.  In addition, studies of an Al–Cu–Fe i-
QC using mechanical milling16 and variable temperature,17 
pressure,18 or both19 have shown that increasing temperature 
reversibly transforms the i-QC to crystalline phases,17b none of 
which represents any of the three typical CA types, whereas in-
creasing pressure or both pressure and temperature inhibits 
the formation of any known CA phases at all. This variety of out-
comes suggests that the view for what constitutes a CA of a QC 
may be too narrow. 
From a different perspective, mechanical alloying has pro-
duced an i-QC and its 1/1 CA in the Mg–Al–Zn system.  How-
ever, thermal analysis reveals the i-QC to be metastable, trans-
forming into the CA, although there was no structural infor-
mation about the resulting CA phase.20  In a separate investiga-
tion, the structure of the 1/1 CA Mg2–y(ZnxAl1–x)3+y was eluci-
dated using a combination of single-crystal and neutron pow-
der diffraction, EDS, densities, and electronic structure compu-
tations and provides some insights about the corresponding i-
QC.21 Therefore, detailed examination of the transformation 
between crystalline and quasicrystalline phases can provide 
significant information about their structural relationships.  
However, identifying the features of crystalline structures that 
give rise to a QC or vice versa remains speculative, because not 
all QCs transform to their related or known CA structure type. 
In an attempt to better probe this transformation, we exam-
ine and report the discovery of a crystalline structure in close 
composition to the i-QC in the Ca–Au–Al system, namely, a cu-
bic 2/1 CA. Herein, we report an in-situ transformation of the i-
QC CaAu4.50–xAl1.50+x phase, specifically <x> = 0.32(6) and 
0.40(6), to its cubic 2/1 CA Ca13Au56.31(3)Al21.69 
(CaAu4.33(1)Al1.67) from direct observation of the changes in syn-
chrotron PXRD patterns, and identify the crystallographic solu-
tion of the 2/1 CA as an overall packing of interpenetrating and 
edge-sharing icosahedra. Additionally, we examine the most in-
tense PXRD reflections in the resulting 2/1 CA that arise during 
the transformation to identify clear correlations between the i-
QC and the CA. Lastly, using electronic structure theory and 
data on the 1/022 and 2/1 CAs of the Ca–Au–Al system, we pro-
pose a hypothetical 1/1 CA and rationalize the chemical stabil-
ity of the i-QC from its valence electron count based on a Hume-
Rothery mechanism. 
 
EXPERIMENTAL SECTION 
 
Synthesis. Ca1.00(4)Au4.50–xAl1.50+x (0.11(6) ≤ x ≤ 0.63(6)) samples 
were synthesized from elemental Ca chunks (99.99%, Sigma Al-
drich), Au spheres (99.99% Ames Laboratory), and Al ingots 
(99.999%, Alfa-Aesar) with compositions loaded corresponding to 
targeted e/a values of 1.60–1.75.  Elemental mixtures were sealed 
in tantalum tubes under argon, then enclosed in secondary silica 
jackets under vacuum, and then heated to 900 °C at 180 °C/h in a 
programmable tube furnace. The samples characterized as quasi-
crystalline were quenched from 900 °C after heating for one day by 
rapid submersion of the reaction vessels into room temperature 
water; the 2/1 CA samples were also quenched to room tempera-
ture from 900 °C after heating for one day, but they were subse-
quently heated to 650 °C for a 1- to 2-weeks annealing period, after 
which they were quenched or naturally cooled to room tempera-
ture by turning off the furnace. At the targeted e/a values of 1.75, 
which is above the nominal loading phase width that resulted in 
the 2/1 CA, annealing led to multiple phases, which may include 
the 2/1 CA or i-QC as a minor component, whereas quenching led 
to the i-QC with traces of the 2/1 CA. 
Single-crystal XRD. Single-crystal XRD data of the 2/1 CA were 
collected using the program SMART23 at ~25 °C on the Bruker D8 
VENTURE APEX3 with the PHOTON II detector or a CCD APEX2 
(Mo Kα1; λ = 0.71073 Å) from irregular, block-shaped specimens 
with longest cross-sectional length of 120–140 μm that were 
mounted onto the tips of glass fibers and held fixed by grease. Only 
those specimens that gave data sets containing greater than 95% 
of the total number of reflections indexing as cubic with a lattice 
parameter ~23.5–24.0 Å via a preliminary scan were examined in 
more detail.  On average, at least ten crystal specimens from each 
sample loading were tested.  Empirical absorption corrections 
were performed using the program SADABS24 of the APEX2/3 
suite; the Pa3� space group was determined using the program 
XPREP; and the crystal structure was solved using direct methods 
with subsequent refinements using the SHELXTL suite, which also 
took into account anisotropic displacement and secondary extinc-
tion parameters.25  
 
High-energy XRD data using the X-ray precession technique at 
the Advanced Photon Source (APS; Beamline 6ID-D) at Argonne 
National Laboratory (ANL; λ = 0.183520 Å) were collected at room 
temperature to compare the single-grained diffraction patterns of 
the 2/1 CA and associated i-QC along the ([1 0 0]) 2-fold, ([1 1 1]) 
3�-fold, and ([3 0 5] pseudo)-5�-fold axes.26 Precession diffraction 
images were processed using the FIT2D program, v. 2004 from the 
European Synchrotron Radiation Facility.27  
Thermal Analysis. Thermal analysis of the powdered i-QC sam-
ple loaded as Ca1.00(4)Au4.158(8)Al1.80(6) (x = 0.32(6) in Ca1.00(4)Au4.50–
xAl1.50+x) was performed on a Netzsch STA 449 F3 Jupiter instru-
ment using an alumina crucible and under a flow of nitrogen at 20 
ml/min. A calibration run of the empty alumina was performed 
first prior to the run with the i-QC sample. The temperature profile, 
with all ramp rates at 10 °C/min, was (1) heating from 27 °C to 900 
°C for 10 min; (2) cooling to 400 °C for 30 min; (3) heating back to 
900 °C; and (4) cooling down to ~90 °C. 
PXRD. PXRD data for phase analysis at ~25 °C were collected on 
a STOE STADI P diffractometer (Cu Kα1; λ = 1.54060 Å) with a step 
size of 0.03° in 2θ for a 1-hour scan. Ground polycrystalline sam-
ples were dispersed onto and sandwiched between two transpar-
ent films with the use of vacuum grease. Diffraction images were 
processed using the FullProf suite28 and the software WinXPOW.29 
Rietveld refinements30 of lattice parameters and atomic positions 
were carried out on the observed PXRD patterns using Jana2006.31 
To study the transformation from i-QC–to–2/1 CA, ground prod-
ucts (~30–50 mg) were loaded into a 1-mm diameter silica capil-
lary and sealed under helium to avoid oxidation during heating. An 
IR furnace was used for in-situ heating of the powdered products 
at various heating rates up to ~750 °C. The specific heating profile 
for the sample x = 0.32(6) in Ca1.00(4)Au4.50–xAl1.50+x, discussed in the 
main text, is as follows:  from room temperature to ~400 °C the 
sample was heated at 40 °C/min, and from 400 °C to ~750 °C, the 
sample was heated at 10 °C/min. From ~750 °C to room tempera-
ture, the sample was cooled at a rate of 100 °C/min. (See SI for in-
situ PXRD of additional heating profiles with isothermal holds and 
various heating and cooling rates, and for PXRD data of the sample 
x = 0.40(6) in Ca1.00(4)Au4.50–xAl1.50+x.) To monitor the temperature 
of the IR furnace, one end of a thermocouple was placed under-
neath and touching the silica capillary tube to achieve closest con-
tact to the ground polycrystalline sample and the other end was 
connected to the temperature controller. 
In-situ, high-energy, variable-temperature PXRD data were col-
lected at the Advanced Photon Source (APS) at Argonne National 
Laboratory (λ = 0.17712 Å; Beamline-1D) with a data acquisition 
time of 11 s/scan including 5 seconds of exposure and ~6 seconds 
for data processing. All collected temperature data were calibrated 
against a sample of Al90Sm10 (at %) metallic glass of known melting 
temperature. Peak-fitting from 23–32 nm–1 using a Lorentzian 
function, in which the area of each peak is calculated as a product 
of the full-width at half-maximum and the peak height, was evalu-
ated as a function of temperature to analyze peak splitting through-
out the transformation. 
Transmission Electron Microscopy (TEM). Samples of the i-
QC and 2/1 CA were prepared for TEM using a Thermo Fischer Sci-
entific (FEI) Helios NanoLab G3 UC with EasyLift micromanipula-
tor and MultiChem Gas Injection System, and employing standard 
in-situ lift-out techniques.32 Selected area electron diffraction 
(SAED) patterns of the i-QC and 2/1 CA samples were taken using 
the FEI Tecnai (G2-F20) TEM equipped with a field emission gun 
(FEG), under an accelerating voltage of 200 kV. Each sample was 
mounted on an FEI double-tilt holder, which enabled precise sam-
ple tilting along the main axes and its perpendicular direction 
(~±30°). The sample was then tilted to the 2-, 3�-, and (pseudo) 5�-
fold zone axes while the Kikuchi pattern was monitored. The high 
(atomic)-resolution high-angle annular dark field (HAADF) images 
were collected using a Titan Themis 300 probe-corrected scanning 
transmission electron microscope (STEM).  
Electronic Structure Calculations. The electronic density of 
states and band structure of a hypothetical cubic 1/1 CA 
“Ca24Au88Al64” were calculated using the projected augmented 
wave method of the Vienna Ab-initio Simulation Package (VASP 
4.6.34)33 in the space group I23 (No. 197), based on data from the 
1/1 CA Ca3Au12.07Ga6.93 (space group: Im3� , No. 204).10c Following 
the Tsai-type structural prescription of the experimentally deter-
mined cubic 2/1 CA Ca13Au56.79(6)Al21.20, the innermost shell of the 
hypothetical model was simplified to a single, fully-occupied Al4 
tetrahedron from the 12 partially occupied positions that generally 
averaged as 3 tetrahedra, and was then shifted to the center of the 
concentric shells. The hypothetical cubic lattice (a1/1 = 14.8181 Å) 
was calculated following Equation (1) and using the quasilattice 
constant aQC determined from a single quasicrystal.  The model 
contains 11 atoms in the asymmetric unit for a total of 176 atoms 
in the unit cell. All calculations used the generalized gradient ap-
proximation (GGA) for exchange and correlation potentials as con-
structed by Perdew, Burke, and Ernzerhof (PBE) with a 500 eV en-
ergy cutoff, a 0.01 meV self-consistent convergence criterion, and 
an orbital basis set as follows: Ca (3s23p64s2), Au (5d106s1), and Al 
(3s23p1).34 
 
RESULTS AND DISCUSSION 
 
Phase Analysis. At 14.3(1) atomic percent Ca, nine different 
Ca–Au–Al compositions were loaded with the targeted e/a val-
ues ranging from 1.55 to 1.75 and heated to 900 °C.  Of these, 
five were then annealed for one week at 650 °C and four were 
quenched to room temperature. The results of these synthetic 
procedures are summarized in Table 1, in which <x> was cal-
culated by dividing the reported composition by 13 to obtain 
the nominal composition per Ca. According to PXRD (see Figure 
1), only loadings with e/a values 1.60–1.70 yielded as major 
phases either an i-QC or the 2/1 CA depending upon whether 
the sample was quenched or annealed, respectively. Targeted 
compositions with e/a values of 1.55 and 1.75, which represent 
the upper and lower bounds of sample loadings, yielded either 
a different phase or the 2/1 CA as a minor phase after annealing 
(Figure 1).  On the other hand, the i-QC CaAu4.50–xAl1.50+x was 
only observed upon quenching after heating for 1 day at 900 °C 
for compositions corresponding to e/a values of 1.60–1.70 (i.e., 
0.11(6) ≤ x ≤ 0.40(6)). For the quenched sample loaded with 
e/a = 1.75, the observed PXRD pattern shows resemblances to 
the 2/1 CA. Rietveld refinements of lattice constants for the 2/1 
CA from three PXRD patterns of the annealed samples (e/a = 
1.60–1.70) remain essentially equal within standard deviation 
(a2/1 = 23.8917(7)–23.893(1) Å) and suggest that the actual 
phase width of the 2/1 CA may, in fact, be smaller than the var-
iation in loading compositions (Table S1 and Figure S1).   From 
these refined lattice constants and using Equation (1), the qua-
silattice parameter of the corresponding i-QC is estimated to be 
aQCcalc. = 5.3640–5.3643 Å, which is close, but slightly smaller 
than quasilattice parameters refined from PXRD patterns 
(5.378(6)–5.393(6) Å) or from single-crystal XRD patterns (aQC 
= 5.383(4) Å) (Table S2). The quasilattice parameters were 
evaluated from the PXRD patterns following Cahn’s indexing 
method35 from the 12 most intense peaks in the region10–50 
nm–1.  
As part of the conjecture that a CA approximates the struc-
ture of a QC, some diffraction features found for the CA are also 
likely present in the QC in corresponding geometrical relation-
ships. High-energy, single-crystal precession XRD data of the 
cubic 2/1 CA Ca13Au56.79(6)Al21.20 (CaAu4.37(1)Al1.63) and the i-QC 
 
 
Table 1.  Ca1.00(4)Au4.5–xAl1.5+x (0.11(6) ≤ <x> ≤0.44(6))  i-QC and 2/1 CA phases, compositions, and lattice parameters.  
 actual loading target  <VEC> <x> 
identified 
phases  
a (Å)  
powder XRD 
specimen  
composition 
a (Å)  
single-crystal XRD 
an
ne
al
ed
 
Ca13.0(5)Au59.4(1)Al18.5(7) 1.55 –0.05(6) 
unknowna + 
possible 2/1 CA 
traces 
 
 
 
 
 
Ca13.0(5)Au57.1(1)Al20.9(8) 1.60 0.11(6) 
2/1 CA major 
phase 
23.8917(7) no selected crystals  
Ca13.1(5)Au55.0(1)Al23.5(7) 1.65 0.30(6) 23.8915(6) no selected crystals  
Ca13.0(5)Au52.8(1)Al25.3(7) 1.70 0.44(6) 23.893(1) 
Ca13Au56.79(6)Al21.20b 
Ca13Au57.02(6)Al20.99b 
Ca13Au57.04(6)Al20.96b 
23.8918(2) 
23.914(1) 
23.8950(6) 
Ca13.2(5)Au52.68(9)Al25.9(7) 1.71 0.48(5)   Ca13Au56.31(3)Al21.69b 23.8934(4) 
Ca13.0(5)Au50.4(1)Al27.4(7) 1.75 0.62(6) 
unknowna + 
possible 2/1 CA 
or i-QC traces 
   
qu
en
ch
ed
 Ca13.0(5)Au57.3(1)Al20.1(8) 1.60 0.11(6) i-QC major 
phase 
aQC = 5.393(6) Ca1.0(1)Au4.5(2)Al1.4(1)c aQC = 5.383(4) 
Ca13.2(5)Au55.0(1)Al23.8(7) 1.65 0.32(6) aQC = 5.387(7)   
Ca12.8(5)Au52.6(1)Al25.2(7) 1.70 0.40(6) aQC = 5.378(6)   
Ca13.0(5)Au50.38(9)Al27.7(7) 1.75 0.63(6) i-QC + possible 2/1 CA traces    
a Not 1/1 CA. See Figure 1.  b Single-crystal XRD. See Tables S3–S6.  c EDS. See Reference 22. 
“CaAu4.39Al1.61” show resemblances along the ([1 0 0]) 2-fold 
and ([1 1 1]) 3�-fold axes, but display stark differences along the 
5�-fold direction of the i-QC (Figure 2γ), which only displays 
mirror symmetry along the analogous direction ([3 0 5]) of the 
cubic 2/1 CA (Figure 2c). Additionally, icosahedral symmetry 
of the QC and lack thereof in the 2/1 CA is verified from TEM 
SAED patterns (Figure 2d–f, δ–φ), which exhibit good correla-
tions to the XRD patterns. The partial rings in the SAED pat-
terns are from surface oxidation due to sample thinning prep-
aration for atomic-resolution imaging (see Figure S2), with re-
sults which show atomic cluster arrangements suggesting 
phason strain within the structure, as also seen in the i-QC. 22 
Crystal Structure of the 2/1 CA. Crystals selected from the 
sample loaded as Ca1.00(4)Au4.062(8)Al1.95(6) (x = 0.44(6); e/a = 
1.70) and Ca1.00(4)Au3.992(7)Al1.96(5) (x = 0.48(5); e/a = 1.71) met 
the criteria for further examination by single-crystal diffraction 
methods.  Four crystalline specimens were measured, all of 
which gave lattice parameters 23.8918(2)–23.914(1) Å and an 
average refined composition of Ca13Au56.79(10)Al21.21 = 
CaAu4.37(1)Al1.63 (x = 0.13; e/a = 1.61). The structure of this cubic 
2/1 CA can be described by six concentric atomic shells follow-
ing the Tsai-type prescription, but with features that have not 
been previously mentioned (Figure 3). The center of the shells 
lie at the 8c sites (0.152, 0.152, 0.152) of the cubic cell in space 
group Pa3� , so that there are 8 sets of concentric atomic shells 
total in the unit cell (Z = 8). Therefore, the refined composition, 
Ca13Au56.31(3)Al21.69, can be multiplied by 8 to obtain the full unit 
cell contents, or be divided by 13 to obtain the nominal compo-
sition per Ca (CaAu4.33(1)Al1.67). A summary of the crystallo-
graphic refinement for the sample refining as 
Ca13Au56.31(3)Al21.69, with all atoms in the asymmetric unit la-
beled for the various shells, is listed in Tables 2–3 (see Tables 
S3–S6 for the results of the other three crystals). 
Some features of these distinct atomic shells are (Figure 3):  
    (I) Spatially disordered “tetrahedron” [Au1.63(3)Al2.358.02]. The 
innermost shell is comprised of four mixed Au/Al independent 
sites that take up 12 partially occupied positions arranged in a 
distorted icosahedron, but with occupancies that may geomet-
rically suggest disordered and distorted tetrahedra, so that the 
overall composition is [Au1.63(3)Al2.358.02], and in which  
represents the structural voids. From the center to the 12 
Au/Al sites, , the distances range from 1.37(1)–1.59(3) Å, which 
 
Figure 1. PXRD patterns at ~25 oC from loadings of CaAu4.50–
xAl1.50+x i-QC (targeted e/a = 1.60–1.75; top), and cubic 2/1 CA (tar-
geted e/a = 1.55–1.75; bottom), with theoretical pattern from sin-
gle-crystal XRD refinement, Ca13Au56.79(6)Al21.20 (CaAu4.37(1)Al1.63).   
means that having all 12 positions fully occupied is unrealistic.  
A structural refinement omitting electron densities from this 
shell provides an incomplete model because the observed elec-
tron densities can account for 12 positions fully occupied by Al 
atoms, a result that is not possible due to the distances noted 
 
 
Figure 2. CaAu4.50–xAl1.50–x precession diffraction images and TEM SAED patterns of the 2/1 CA, x = 0.44(6) (a–c; d–f), and the i-QC, x = 0.11(6) 
(α–γ (Ref. 22); ε–φ), along the 2-fold [1 0 0] (top), 3�-fold [1 1 1] (middle), and (pseudo)-5�-fold [3 0 5] (bottom) directions. 
 
Table 2. Selected refined crystallographic data of 2/1 CA 
Ca13Au56.31(3)Al21.69. 
loaded (VEC) Ca13.2(5)Au52.68(9)Al25.9(7)  (1.71 e/a) 
crystal color / appearance /  
size (μm) 
gray / irreg. blocks /  
120–140×120–140×70–90  
refined composition (VEC) Ca13Au56.31(3)Al21.69  (1.62 e/a) 
refined nominal composition CaAu4.33(1)Al1.67 
instrument Bruker D8 VENTURE  
radiation; λ (Å) / temp.(K) Mo Kα1; 0.71073 / 298 
θ range data collection 2.4°–25.0° 
absorp. coeff. μ (mm-1) /  
correction 121.82 / empirical 
meas. / indpnt. / obs. [I > 2σ(I)] / 
param. / rest. 
303257 / 4011 / 3232 / 331 / 
1 
R[F2 > 2σ(F2)] / wR(F2) / Rint /  
GOF 0.052 / 0.134 / 0.118 / 1.03 
space group / Pearson symbol 𝑃𝑃𝑎𝑎3� (#205) / cP728 
Δρmax, Δρmin (e Å−3) 11.60, –4.44 
a (Å) 23.8934(4) 
volume (Å3) / Z 1364.6(7) / 8 
index ranges −28 ≤ h, k, l ≤ 28 
above. Hence, the inner shell is refined as four mixed Au/Al 
sites (24d Au/Al25–28 in Table 3) each 1/3 occupied.  The 
equivalent isotropic thermal parameters associated with these 
sites are the largest of all the positions in the asymmetric unit 
by a factor of ~2–3. For the prototypic Tsai-type cubic 2/1 CA 
(Yb/Ca)13Cd64, which shows somewhat longer distances of 
1.734(6)–1.98(1) Å from the center to the 12 partially occupied 
Cd sites at ambient conditions, a refinement outcome of spa-
tially disordered, distorted tetrahedra is one of the hallmarks 
of the Tsai-type CA.8b In this case, to obtain tetrahedra from the 
12 positions in the shell, the atoms would be unrealistically 
close to one another (≤ 2.00(4) Å) and therefore, although this 
shell may be geometrically seen as 4 spatially disordered tetra-
hedra, from XRD, the only chemical conclusion is that there are 
4 Au/Al sites split among 12 positions. Another hallmark of the 
Tsai-type structure is the pentagonal dodecahedral shell that 
encapsulates this tetrahedron.  
(II) Disordered, distorted dodecahedron [Au12.49(2)Al7.51] with 
split-sites. The disordered, distorted pentagonal dodecahe-
dron[Au12.49(2)Al7.51] consists of eight independent sites: three 
are fully occupied Au sites; one is a fully occupied Al site;  three 
are split 24d Au or Al sites constrained to a total occupancy of 
100%; and one is a mixed but not split Au/Al site. Refinement
 
 
Figure 3. Concentric shells of the 2/1 CA Ca13Au56.31(3)Al21.69. Au/Al mixed sites are in green, Au atoms are in dark yellow, Al atoms in blue, 
Ca atoms are in red, and voids are in . 
 
Table 3A. Selected structural parameters of Ca13Au56.31(3)Al21.69. 
shell atom wyck sym x y z frac. occ. Uiso 
(I) 
Au/ 
Al25 24d 1 
0.1237 
(3) 
0.1524 
(3) 
0.2062 
(3) 
0.191(7)/ 
0.143 
0.042 
(3) 
Au/ 
Al26 24d 1 
0.1498 
(6) 
0.2082 
(5) 
0.1753 
(6) 
0.182(9)/ 
0.151 
0.137 
(9) 
Au/ 
Al27 24d 1 
0.1028 
(6) 
0.1226 
(6) 
0.1503 
(5) 
0.11(1)/ 
0.22 
0.052 
(8) 
Au/ 
Al28 24d 1 
0.0883 
(7) 
0.161 
(1) 
0.1344 
(7) 
0.06(1)/ 
0.27 
0.055 
(10) 
(II) 
Au1 24d 1 0.15405 (4) 
0.21408 
(4) 
0.30193 
(5) 
 0.0242 
(3) 
Au2 24d 1 0.00309 (5) 
0.15581 
(4) 
0.21056 
(4) 
 0.0249 
(3) 
Au3 8c .3. 0.06232 (5) 
0.06232 
(5) 
0.06232 
(5) 
 0.0259 
(4) 
Au/ 
Al4 24d 1 
0.0629 
(2) 
0.2519 
(2) 
0.2390 
(1) 
0.289(7)/ 
0.711 
0.048 
(2) 
Au5 24d 1 0.05590 (7) 
0.24396 
(7) 
0.06572 
(7) 
0.698 
(5) 0.0313 
(6) 
Al5 24d 1 0.023 (1) 
0.277 
(1) 
0.053 
(1) 
0.302 
(5) 
Au6 24d 1 0.1665 (3) 
0.4115 
(3) 
0.5001 
(3) 
0.219 
(8) 0.032 
(2) Al6 24d 1 0.0167 (8) 
0.1539 
(6) 
0.1006 
(7) 
0.781 
(8) 
Au7 24d 1 0.09072 (8) 
0.30177 
(9) 
0.15746 
(8) 
0.624 
(6) 0.0330 
(7) Al7 24d 1 0.063 (1) 
0.337 
(1) 
0.1529 
(10) 
0.376 
(6) 
Al1 24d 1 0.2366 (5) 
0.2366 
(5) 
0.2366 
(5) 
 0.041 
(4) 
(III) 
Ca1 24d 1 0.1538 (2) 
0.3438 
(2) 
0.2698 
(2) 
 0.020 
(1) 
Ca2 24d 1 0.2706 (2) 
0.3442 
(2) 
0.4612 
(2) 
 0.021 
(1) 
Ca3 24d 1 0.0369 (2) 
0.3447 
(2) 
0.4655 
(2) 
 0.020 
(1) 
Ca4 24d 1 0.0382 (2) 
0.1520 
(2) 
0.3425 
(2) 
 0.021 
(1) 
 
of the three split positions relies on observed electron densities 
near the respective sites. The resulting distances between each 
of the split sites are: 0.58(2) Å; 1.08(3) Å; and 1.15(3) Å, for 
which the sites split by the two longer distances contain pre-
dominantly Au (0.624(6)/0.376 Au7/Al7 and 0.698(5)/0.302 
Au5/Al5, respectively) and the one separated by the shortest  
distance is predominantly Al (0.219(8)/0.781 Au6/Al6). 
(V) C80-like [Au59.86(2)Al17.143.00] polyhedral cluster. The typi-
cal description of the fifth shell of a Tsai-type CA is a rhombic 
triacontahedron with 32 atoms at each of the vertices and 60 
atoms sitting midway along each edge as reported for the 2/1 
CAs Sc11.18(9)Mg2.5(1)Zn73.6(2),36 (Yb/Ca)13Cd76,8b and 1/1 CAs 
Yb14Au51Al35,9b and RE–Au–SM (RE = Yb, Gd and SM = Si, Ge).9a 
However, to assign atoms at the vertices only, as consistently 
portrayed in all inner shells, the 92-atom rhombic triacontahe-
dron can be split into an 80-vertex atom cage and a 12-vertex  
icosahedral shell. Therefore, in Ca13Au56.31(3)Al21.69, the fifth 
shell is a defect-80-atom cage [Au59.86(2)Al17.143.00], consisting  
of 12 pentagonal and 30 hexagonal faces, as found for C80 clus-
ters such as (Gd3N)@C80.37 There are no split sites in this 80-
vertex cage and one independent Au-rich mixed Au/Al site 
(0.953(7)/0.047 Au/Al) that comprises 3 atoms of the cage. 
(VI) Distorted icosahedron [Al10.51.5]. The last shell is a par-
tially occupied icosahedron [Al10.51.5] that caps the pentago-
nal faces of the 80-vertex [Au59.86(2)Al17.143.00] fifth shell and 
aligns with the innermost distorted “tetrahedron” and the third 
shell of the distorted icosahedron [Ca12]. Each [Al10.51.5] ico-
sahedron interpenetrates seven other [Al10.51.5] icosahedra 
and shares edges with six additional [Al10.51.5] icosahedra in 
which the voids of one side of the resulting 3-edge sharing ico-
sahedral set are filled by distorted Ca5-centered [Al6.51.5] tet-
rahedral stars (Figure 4). 
By splitting the 92-atom triacontahedron into two shells (V) 
and (VI), the 80-vertex shell is now comprised of predomi-
nantly Au whereas the icosahedron shell is only Al. In the struc-
tural description of both Sc11.18(9)Mg2.5(1)Zn73.6(2)36 and 
(Yb/Ca)13Cd76,8b the triacontahedral shell is comprised of only 
Zn and Cd, respectively, and as such, dividing the shells into an 
80-atom vertex cage and an icosahedron as shown here is not 
as chemically relevant. However, in Yb1.083Au4.477Ge1.304, the 
Au/Ge 12e forms its own [Au0.10Ge11.90] icosahedron, separate 
from the Au-rich 80-vertex [Au62.84Ge11.905.26] shell. Many 
other Tsai-type structures, such as Yb14Au51Al35,9b 
Gd1.008Au4.723Ge1.301,9a and Gd1Au4.922Si1.123,9a may benefit from 
a structural chemical representation that separates the typical 
triacontahedral shell into an 80-vertex Au-rich cage and a 12-
vertex icosahedral shell with elements of only or predomi-
nantly the p-block. 
In total, there are four split positions involving Au and Al in 
the structure of the 2/1 CA refined as Ca13Au56.31(3)Al21.69 (the 
three other crystals yielded similar refinements with slightly 
 
Table 3B. Shells IV–VI selected structural parameters.  
shell atom wyck sym x y z frac. occ. Uiso 
(IV)  
(V) 
Au9 24d 1 0.24416 (5) 
0.28313 
(4) 
0.34484 
(5) 
 0.0253 
(3) 
Au10 24d 1 0.06156 (5) 
0.28284 
(5) 
0.34885 
(5) 
 0.0274 
(3) 
Au11 24d 1 0.21345 (5) 
0.45964 
(5) 
0.24358 
(5) 
 0.0264 
(3) 
Au12 24d 1 0.08743 (5) 
0.46467 
(4) 
0.44309 
(5) 
 0.0256 
(3) 
Au13 24d 1 0.15184 (5) 
0.36302 
(5) 
0.40316 
(5) 
 0.0309 
(3) 
Au14 24d 1 0.14582 (6) 
0.40818 
(5) 
0.15375 
(5) 
 0.0366 
(3) 
(IV) Au/ Al15 24d 1 
0.02616 
(8) 
0.34721 
(9) 
0.24047 
(9) 
0.624(7)/ 
0.376 
0.0417 
(8) 
(IV)  
(V) 
Au/ 
Al16 24d 1 
0.06716 
(5) 
0.21612 
(5) 
0.45322 
(6) 
0.953(7)/ 
0.047 
0.0356 
(5) 
(IV) 
Au/ 
Al17 24d 1 
0.22307 
(10) 
0.46652 
(8) 
0.44828 
(8) 
0.678(7)/ 
0.322 
0.0500 
(8) 
Au/ 
Al18 24d 1 
0.0226 
(1) 
0.3476 
(1) 
0.0602 
(1) 
0.409(2)/ 
0.194 0.0381 
(6) Au19 24d 1 0.0359 (2) 
0.3673 
(2) 
0.0905 
(2) 
0.397 
(2) 
(V) 
Al2 4a .3� . 0 0 0  0.026 (4) 
Al3 24d 1 0.1569 (5) 
0.2550 
(5) 
0.4011 
(4) 
 0.042 
(2) 
Au20 24d 1 0.24852 (4) 
0.40544 
(4) 
0.34476 
(4) 
 0.0215 
(3) 
Au21 24d 1 0.05460 (4) 
0.40268 
(4) 
0.34332 
(4) 
 0.0238 
(3) 
Au22 24d 1 0.08949 (5) 
0.45986 
(4) 
0.24630 
(5) 
 0.0255 
(3) 
Au23 24d 1 0.34383 (5) 
0.44345 
(5) 
0.40417 
(5) 
 0.0307 
(3) 
Au24 24d 1 0.05714 (6) 
0.09455 
(6) 
0.46358 
(6) 
 0.0397 
(3) 
(V)  
(VI) 
Al8 24d 1 0.1521 (3) 
0.4617 
(4) 
0.3430 
(4) 
 0.025 
(2) 
Al9 8c .3. 0.3434 (3) 
0.3434 
(3) 
0.3434 
(3) 
 0.017 
(3) 
Al10 24d 1 0.0397 (7) 
0.4619 
(9) 
0.1529 
(7) 0.50 
0.037 
(5) 
voids  
(VII) Ca5 8c .3. 
0.4601 
(2) 
0.4601 
(2) 
0.4601 
(2) 
 0.024 
(2) 
 
different parameters; see Tables S3–S6 for details.) Three 
(Au/Al7, Au/Al5, Au/Al6) of these are in the second dodecahe-
dral shell (II) and one [(Au/Al18)/Au19] occupies the fourth 
icosidodecahedral shell (IV). A summary of the coordination 
environments of these sites up to a radius of 3.41 Å, which is 
the longest distance expected between any two heteroatomic 
atoms based on their metallic radii (RCa = 1.97 Å, RAu = 1.44 Å, 
RAl = 1.43 Å),38 is given in Table 4.  In the closest coordination 
sphere designated as distances less than 2.70 Å, which is 
slightly longer than the predicted Au–Al distance (2.665 Å) 
when taking into account metallic valence, bond number, and 
electronegativity corrections as performed by Pauling,39 the 
split sites of the cubic 2/1 CA occupied by Al generally prefer 
more Au contacts. For instance, Al7 and Al5 of the dodecahe-
dral shell (II) and Al(/Au)18 of the icosidodecahedral shell (IV) 
all have more Au than Al nearest neighbors. Analogously, those 
split sites occupied by Au generally exhibit more shorter dis-
tances to Al than to Au as shown by the environments of the 
Au7, and Au5 sites. This general trend follows the site prefer-
ence energy calculations for Au and Al atoms in the cubic 1/0 
CA CaAu3Al, which show that the structure maximizes the num- 
 
Figure 4. Icosahedra packing in the 2/1 CA Ca13Au56.79(6)Al21.20. 
Left: Eight interpenetrating [Al10.51.5] icosahedra fill the unit cell. 
Along [111] (middle): for any single icosahedron (pink), there are 
7 interpenetrating (gray) and 6 edge-sharing (blue) icosahedra. 
Right: Ca atoms sit at the center of each set of 3 edge-sharing ico-
sahedra, forming [Al6.51.5] tetrahedral stars (top) Ca5-centered.  
 
ber of heteroatomic Au–Al nearest neighbor contacts over 
homoatomic Au–Au or Al–Al contacts.22 An anomaly to this be-
havior occurs for the Au/Al6 split site in the 2/1 CA, a site 
which shows Al6 closer (< 2.70 Å) to more Au than Al atoms, 
but Au6 is closer to more Au than Al atoms. 
Additionally, the total compositions at each of the refined 
split sites in the 2/1 CA feature more heteroatomic than 
homoatomic contacts. For instance, surrounding Al7, Al5, and 
Al6, there are more combined (Ca + Au) atoms than Al atoms in 
the following ratios, respectively: 6.041(7)/2.083, 
5.978(8)/2.220, and 8.88(1)/1.33 (Ca + Au)/Al. Although de-
tailed structural information remains unknown for the corre-
sponding Ca–Au–Al i-QC, these features of the 2/1 CA suggest 
that general avoidance of homoatomic nearest neighbor inter-
actions of the minor components Al and Ca may also occur 
within the structure of the i-QC. 
Transformation of the i-QC into 2/1 CA. That the i-QC 
CaAu4.50–xAl1.50+x can only be synthesized from quenching sug-
gests that it is metastable. Therefore, given the close chemical 
compositions and similar room-temperature PXRD patterns for 
the i-QC and 2/1 CA CaAu4.50−xAl1.50+x phases (Figure 1), in-situ 
high-energy, variable-temperature PXRD was carried out on 
the i-QC samples loaded as Ca13.2(5)Au55.0(1)Al23.8(7) and 
Ca12.8(5)Au52.6(1)Al25.2(7) (x = 0.32(6) and 0.40(6) in CaAu4.50–
xAl1.50+x)  to examine a possible structural evolution of the i-QC 
as a function of temperature. The PXRD patterns of the i-QC 
sample x = 0.32(6) (Figure 5) begins to transform at ~570 °C 
with the peak at ~29.25 nm–1 first broadening and increasing 
in intensity before splitting at ~640 °C.  Also, the peak at 25.8 
nm–1 first increases in intensity before splitting at ~650 °C. (See 
Figures S3–S7 for PXRD patterns of i-QC sample x = 0.40(6)).  
The intensities and positions of the main peaks that split dur-
ing the i-QC–to–2/1 CA transformation (Q = 25.4–26 nm–1 and 
28.2–29.6 nm–1) have been evaluated as a function of tempera-
ture (Figure S8). In both regions, the sum of the intensities of 
the individual peaks appearing after the transformation equals 
that of the peak immediately prior to the splitting, which sug-
gests a direct transformation in the temperature range ~570–
~650 °C. After the transformation, increasing temperature re-
sults in decreasing Q-values of all peak positions and thus vali-
dates thermal expansion of the crystal. 
Analysis of the positions in reciprocal space of the diffraction 
peaks observed in this Q-range further confirm the close struc-
tural relationship between the i-QC and the 2/1 CA (see Figure 
6). The peaks indexed as (2 1 1 1 1 1) and (3 1 1 1 1 1) for the
 
Table 4. Coordination spheres of split-sites according to distances. 
shell site  total composition < 2.70 Å 2.70–3.00 Å ≤ 3.41 Å 
(II) Al7 CaAu5.041(7)Al2.083 Au3.054(7)Al0.570 CaAu0.289(7)Al1.013 Au1.698(5)Al0.5 
Au7 Ca3Au4.85(1)Al2.52 Au0.868(9)Al1.238 Au3.513(7)Al0.519 Ca3Au0.47(1)Al0.77 
Al5 CaAu4.978(8)Al2.220 Au3.135(7)Al0.563 CaAu0.219(8)Al0.376(8) Au1.624(6)Al1.281(8) 
Au5 Ca3Au4.64(1)Al2.66 Au0.69(1)Al1.55 Au3.56(1)Al0.732 Ca3Au0.397(2)Al0.376(6) 
Al6 Ca3Au5.88(1)Al1.33 Au3.20(1)Al0.71 Au2.678(7)Al0.322 Ca3Al0.302(5) 
Au6 Ca2Au5.66(1)Al2.12 Au3.44(1)Al1.37(1) Au2.11(1)Al0.52(1) Ca2Au0.11(1)Al0.22 
(IV) Au/Al18 Ca3Au6.672(7)Al1.225 Au1.095(5)Al0.678 Au2Al0.5 Ca3Au3.577(7)Al0.047 
Au19 Ca3Au6.731(6)Al1.372 Au1.033(6)Al0.872(6) Au2Al0.5 Ca3Au3.698(5) 
 
Figure 5. Variable-temperature PXRD patterns of the CaAu4.50–
xAl1.50+x i-QC (x = 0.32(6)) showing transformation to its 2/1 CA for 
increasing temperature starting ~570 oC and complete by ~650 oC. 
i-QC remain single peaks in the PXRD pattern of the 2/1 CA and 
are indexed respectively as {5 0 8} and {6 0 10}, both of which 
have 12-fold multiplicities in Pa3� arranged as distorted icosa-
hedra. The peak at 25.8 nm–1 of the i-QC, indexed as (2 2 1 0 0 
1) splits into 24-fold {5 6 8} and 6-fold (0 0 10). These 30 posi-
tions in reciprocal space form a slightly distorted icosidodeca-
hedron.  Lastly, the (2 2 2 1 0 0) peak of the i-QC at 29.25 nm–1 
separates into 24-fold {5 6 8} + 12-fold {0 2 11} + 24-fold {2 5 
10} peaks for the 2/1 CA, and form an irregular truncated do-
decahedron in reciprocal space. Thus, all of the most intense 
peaks observed in the PXRD pattern of the 2/1 CA can be 
mapped into 3D reciprocal space to form a polyhedral arrange-
ment that is slightly distorted from a polyhedron that can adopt 
icosahedral symmetry.  
For one of the prototypic Tsai-type examples in the Ca–Cd 
system, transformation of the cubic 2/1 CA Ca13Cd76 to the cor-
responding i-QC “Ca15Cd85”8a would merge the most intense 
peak in the 2/1 CA PXRD pattern ({3 8 5}; 24.55 nm–1) with the 
{0 0 10} peaks (24.80 nm–1) based on comparisons of the i-QC 
and CA PXRD patterns.  For the CaAu4.50–xAl1.50+x i-QC, however, 
the most intense peak {5 0 8} of the PXRD does not split during 
the phase transformation. Additionally, the i-QC CaAu4.50–
xAl1.50+x exhibits two sets of doublet peaks at ~23–27 nm–1 and 
~28–32 nm–1, whereas the analogous region (~27–29 nm–1) 
for the “Ca15Cd85” i-QC possesses three peaks as also seen for 
its 2/1 CA.  In fact, the PXRD pattern of the CaAu4.50–xAl1.50+x i-
QC bears more resemblance to that of the i-QC “Yb16Cd84” and 
its corresponding 2/1 CA Yb13Cd76.8a  
This transition from the i-QC to the 2/1 CA CaAu4.50–xAl1.50+x, 
however, is not reversible on cooling because the PXRD pattern 
of the 2/1 CA does not revert back into the i-QC pattern. From 
thermal analysis of the i-QC sample loaded as 
Ca1.00(4)Au4.158(8)Al1.80(6) (e/a = 1.66) (Figure 1: i-QC sample x = 
0.32(6)), there is a small endothermic event at ~575 °C in the  
 
Figure 6. Indexed PXRD patterns of CaAu4.50–xAl1.50+x i-QC (x = 
0.11(6); top) and cubic 2/1 CA (x = 0.30(6); bottom) with simu-
lated pattern from single-crystal XRD refinement, 
Ca13Au56.79(6)Al21.20. The most intense reflection indices and multi-
plicities of the cubic phase are drawn and show correlations to ico-
sahedral symmetry.  
first heating cycle (Figure S9: enlarged inset) but is absent in 
the second heating cycle, a result which is indicative of an irre-
versible transformation and supports the in-situ, high-energy, 
variable-temperature PXRD data. In addition, heating the 2/1 
CA sample from room temperature (~25 °C) to 725 °C, close to 
its melting temperature of 755 °C, and cooling down to room 
temperature do not reveal any observable structural transition 
(Figures S10–S11), which implies that the cubic 2/1 CA phase 
is more stable than its i-QC counterpart.   
Valence Electron Count Evaluation. After the discovery of 
stable i-QCs, e.g., in the (Ca/Yb)–Ag–In and (Ca/Yb)–Cd sys-
tems among others, Tsai proposed applying Hume-Rothery-
type rules, which consider atomic size, electronegativities, and 
valence electron concentrations, to identify compositions of 
stable QCs.40 Based on the nearly free-electron model accord-
ing to Mott and Jones, the structure of a Hume-Rothery phase 
is influenced by the number of valence electrons that fill the 
electronic density of states (DOS).41 Within the free electron 
model, the number of valence electrons per unit cell (e/a value) 
sets the Fermi wavevector kf. If kf lies close to Brillouin-zone 
boundaries, i.e., if kf ~ |Khkl|/2, then interactions between states 
at the Fermi surface can open a pseudogap in the DOS, so-called 
 
Brillouin-zone, Fermi surface (BZ-FS) interactions.41 In general, 
the largest structure factors (hkl) in a PXRD pattern identify the 
Brillouin-zone boundaries Khkl/2 leading to the most signifi-
cant BZ-FS interactions. A survey of some reported CAs, e.g., 
Mg27Al10.7Zn47.3,42 Sc11.18Mg2.5Zn73.6,36 Ca3Au12.07Ga6.93,10c and 
(Yb/Ca)13Cd76),8b shows that, when considering peaks above 
20% relative to the maximum intensity with d-spacings < 3.0 Å, 
the average VEC is 1.967 e/a (Table S7). For the cubic 2/1 CA 
Ca13Au56.79(6)Al21.20, the most intense PXRD peaks fall in the re-
gion 24.81–30.67 nm–1 and lead to VEC values spanning 1.208 
to 2.108 e/a, averaging 1.814 e/a, which corresponds to a com-
position Ca13Au47.46Al30.54 (Table S7). These VEC values fall at 
the border between Hume-Rothery and polar intermetallic 
classifications13 even though not all the compounds evaluated 
contain elements that may participate in polar-covalent inter-
actions as typically found for polar intermetallics.  
The i-QC and its cubic 2/1 CA CaAu4.50–x Al1.50+x also exhibit 
general chemical features similar to previously reported sys-
tems. Many Tsai-type CAs and i-QCs have the condensed formu-
lation AB5.3–6.0 where “A” represents an active, electropositive 
metal and “B” is either a group 12 element or a combination of 
late d-block and early p-block elements as seen in polar inter-
metallics. In many cases, “A” is a divalent or trivalent metal and 
“B” is Cd or a combination of a group 11 element with a group 
13/14 element. For example, (Ca/Yb)13Cd768b (VEC = 2.00 e/a) 
and Sc16Cu46Al38 i-QC (VEC = 2.08 e/a)43 can be formulated, re-
spectively, as (Ca/Yb)Cd5.846 and Sc(Cu0.548Al0.452)5.25. For a few 
examples of Bergman-type CAs with a monovalent active metal, 
the condensed formulation is AB2.0–2.4. For instance, the i-QCs 
Li3CuAl644 (VEC = 2.20 e/a) and Na13Au12Ga1545 (VEC = 1.75 
e/a) can be reformulated, respectively, as Li(Cu0.143Al0.857)2.33 
and Na(Au0.444Ga0.556)2.08. Many of these Bergman- and Tsai-
type CAs and i-QCs fall under the larger umbrella of polar inter-
metallic compounds based on their chemical compositions, 
even though they may span both the Hume-Rothery and polar 
intermetallics classifications based on VEC alone (Table S8). 
Thus, Ca13Au56.79(6)Al21.20, reformulated as Ca(Au0.73Al0.27)6, also 
follows the “polar intermetallics” classification, in which (Au + 
Al) atoms are the more electronegative species that generally 
share the same shells and Ca atoms form their own shell as pre-
viously described (Figure 3). 
Prediction of a 1/1 Ca–Au–Al CA using Electronic Struc-
ture Theory. From the experimentally determined quasilattice 
(aQC = 5.383(4) Å) and using Equation (1), a hypothetical Ca–
Au–Al 1/1 CA would have a cubic lattice of a1/1 = ~14.818 Å. 
Using the sequence of atomic clusters in the Tsai-type 2/1 CA, 
in which the innermost shell is simplified to a single, fully occu-
pied tetrahedron, and the atomic coordinates of the 1/1 CA 
Ca3Au12.07Ga6.93 (space group Im3� , No. 204),10c a 1/1 CA 
“Ca24Au88Al64” (VEC = 1.86 e/a) hypothetical model was de-
rived in the subgroup I23 (No. 197) (Table S9).  Although the 
calculated total DOS of “Ca24Au88Al64” shows no obvious gaps 
or pseudogaps (Figure S12), the band structure near the zone 
center shows gaps for energy ranges corresponding to valence 
electron counts of 1.966–1.993 e/a, i.e., “Ca24Au79.00–xAl73.00+x” 
(0 ≤ x ≤ 2.375), 1.847–1.864 e/a, i.e., “Ca24Au89.50–xAl62.50+x” (0 ≤ 
x ≤ 1.50),  and 1.759–1.774 e/a, i.e.,  “Ca24Au97.25–xAl54.75+x” (0 ≤ 
x ≤ 1.375). Therefore, theoretically, these predicted composi-
tions are a good starting target for synthesizing the 1/1 CA.  
 
SUMMARY 
 
For the targeted compositions Ca1.00(4)Au4.50–xAl1.50(6)+x 
(0.11(6) ≤ x ≤ 0.44) (VEC = 1.60–1.70 e/a), a primitive i-QC was 
produced from quenching, and its cubic 2/1 CA was discovered 
from annealing. The cubic 2/1 CA Ca13Au56.31(3)Al21.69 
(CaAu4.33(1)Al1.67; Pa3� (No. 205); Pearson symbol: cP728; a = 
23.8934(4) Å) crystallizes in a series of concentric shells fol-
lowing the Tsai-type prescription, but with its outermost shell 
described as interpenetrating and edge-sharing icosahedra.  
Furthermore, the minor components Ca and Al generally prefer 
to avoid nearest neighbor homoatomic Ca−Ca and Al−Al con-
tacts based on analysis of site occupancies and their various co-
ordination environments. This i-QC and its cubic 2/1 CA belong 
to the general category of polar intermetallics in which the elec-
tronegative metals (Au + Al) share atomic shells and the for-
mally electropositive Ca atoms form their own intervening 
shells to create significant polar-covalent Ca−(Au+Al) interac-
tions for structural cohesion. Single-crystal XRD data obtained 
by the precession technique at the synchrotron APS show cor-
relations between the primitive i-QC and its cubic 2/1 CA along 
the ([1 0 0]) 2- and ([1 1 1]) 3�-fold rotational axes but the 5�-
fold rotational axis of the i-QC is no longer observed along the 
analogous direction ([3 0 5])of the 2/1 CA. TEM SAED patterns 
of the three zone axes provide further confirmation for the ico-
sahedral symmetry in the i-QC and the lack thereof in the 2/1 
CA. In-situ, variable-temperature PXRD data collected at the 
APS demonstrate that the i-QC irreversibly transforms into its 
cubic 2/1 CA starting at ~570 °C and completing at ~650 °C, 
based on peak splitting analysis in the regions of scattering 
lengths ~25–26 nm–1 and ~28–30 nm–1. The stability of the cu-
bic 2/1 CA Ca13Au56.79(6)Al21.20 can be rationalized via a Hume-
Rothery mechanism using VEC evaluated from the most intense 
peaks in the PXRD patterns, so that the hypothetical average 
composition that may lead to a pseudogap in the DOS is 
Ca104.01Au379.70Al244.29 (VEC = 1.814 e/a).  Using electronic 
structure calculations, a hypothetical cubic 1/1 CA was exam-
ined and the composition “Ca24Au88Al64” is proposed as a good 
starting point to prepare a 1/1 CA of the i-QC. 
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